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ABSTRACT
Survival during starvation depends largely on metabolic energy, which is stored in the form of
neutral lipids in specialized organelles known as lipid droplets. The precursors for the synthesis of
neutral lipids are also used for membrane biogenesis, which is required for cell growth and
proliferation. Therefore cells must possess mechanisms to preferentially channel lipid precursors
toward either membrane synthesis or lipid droplet storage, in response to nutrient status. How this
partitioning is spatially regulated within the endoplasmic reticulum (ER) where lipid droplets co-
localize, remains poorly understood. We have recently shown that at the onset of starvation lipid
droplets concentrate at a perinuclear ER subdomain flanking the nucleus-vacuole junction (NVJ)
and that this is crucial for maintaining proper nuclear shape and ER membrane organization. Here
we show that disruption of the NVJ does not block the translocation and internalization of lipid
droplets into the vacuole for their degradation, which takes place at later stages of starvation. We
propose that alternative pathways of lipid droplet translocation from the ER to the vacuole may





Eukaryotic cells store fatty acids (FAs) as inert triacylgly-
cerols or steryl esters (often referred to as neutral lipids)
in ubiquitous organelles called lipid droplets (LDs).1 It is
generally accepted that LDs emerge from the endoplas-
mic reticulum (ER) and in most cell types remain closely
associated with it.1 Neutral lipid storage serves multiple
functions in cells: (a) it prevents lipotoxicity of free FAs,2
(b) provides a source of energy during starvation,3 and
(c) supplies lipid precursors for phospholipid synthesis
that can fuel membrane biogenesis during growth and
proliferation.4 Neutral lipid-derived precursors have
been also proposed to play a role in autophagy during
starvation, by controlling autophagosome membrane
formation5,6 or ER membrane homeostasis.7 While the
storage of FAs into neutral lipids is intrinsically associ-
ated with LD formation, the role of LDs in energy pro-
duction and membrane synthesis relies on the regulated
release of its stored FAs and other lipid intermediates in
response to nutritional or environmental signals. This
mobilization can result from either lipolysis or
lipophagy.
In Saccharomyces cerevisiae, lipolysis is mediated by
the LD-associated triacylglycerol lipases Tgl3, Tgl4 and
Tgl5 and the steryl ester lipases Tgl1, Yeh1 and Yeh2.3 In
contrast, lipophagy resembles microautophagy and
requires core components of the autophagic machin-
ery.8,9 To date, 2 conditions are known to induce lipoph-
agy: nitrogen starvation and stationary phase (stat-phase
lipophagy).8,9 Interestingly, distinct lipid microdomains
are formed on the vacuolar membrane during stationary
phase: a liquid-disorded domain and a sterol-enriched
liquid-ordered domain.10 During stat-phase lipophagy,
the internalization of LDs by the vacuole depends on
their association with the sterol microdomain.9 Notably,
nitrogen starvation does not induce the formation of
microdomains,10 suggesting that the interaction of LDs
with the vacuolar membrane is not the same in the 2
types of lipophagy.
The subsequent release of lipid constituents from
internalized LDs during nitrogen starvation-induced lip-
ophagy requires the putative lipase Atg15, which also
degrades other autophagic and cytoplasm to vacuole tar-
geting (Cvt) bodies. This activity is important for growth
under conditions of compromised de novo biosynthesis
of FAs.8 It is likely that Atg15 plays a similar role during
Stat-phase lipophagy. In fact, lipophagy itself is required
for the formation of the microdomains – probably due
to the release of sterols from steryl-esters – and the
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domains are absent in the atg15D mutant.9 Remarkably,
lipolysis mediated by Tgl3 and Tgl4 increases in cells
lacking Atg15,11 suggesting a cross talk between lipoph-
agy and lipolysis to regulate neutral lipid levels.
Since LDs must interact with the vacuolar membrane
to be internalized, their spatial organization at the onset
of lipophagy may define the mechanism of neutral lipid
mobilization. We have recently shown that, as cells face
starvation during glucose exhaustion, the biogenesis of
LDs takes place at the perinuclear ER flanking the
nuclear vacuole junctions (NVJ),12 a membrane contact
site established by the physical interaction of Nvj1 (on
the perinuclear-ER) and Vac8 (on the vacuolar mem-
brane).13 LD biogenesis at this specific subdomain of the
perinuclear ER is a consequence of the recruitment at
this site of Pah1, a Mg2C-dependent phosphatidate phos-
phatase that plays a major role in triglyceride synthesis.14
Interestingly, glucose depletion triggers intracellular
acidification15 that, in turn, controls important events in
neutral lipid metabolism: (1) it increases the activity of
Nem1-Spo7,16 a transmembrane phosphatase complex
that activates Pah1;17,18 and (2) stimulates the formation
of the vacuolar microdomains required for stat-phase
lipophagy.10 Moreover, Pah1 localization to NVJ is
concomitant with the early-steps of vacuolar membrane
microdomain formation, which is prevented by the dele-
tion of NEM1.10 Together, these results suggest that
phosphatidic acid or its conversion into diacylglycerol by
Pah1 may be involved in the formation of the
microdomains.
During stat-phase lipophagy, LDs must migrate
from the perinuclear ER to the vacuolar membrane.
It is, therefore, reasonable to speculate that, by keep-
ing the nucleus and vacuole in close proximity, NVJ
may promote the movement of LDs. In fact, NVJ1
mRNA levels increase and the contact site enlarges in
stationary phase.19 To test this hypothesis, we ana-
lyzed lipophagy in cells expressing Vph1-mCherry - a
vacuolar protein that partitions in the liquid-disor-
dered microdomains10 - stained with the neutral lipid
dye BODIPY 493/503 during stationary phase in cells
lacking Nvj1. As previously reported,10 deletion of
NVJ1 does not compromise the formation of the vac-
uolar membrane microdomains. For example, nvj1D
cells show the distinctive quasi-symmetrical segrega-
tion of Vph1-mCherry (Fig. 1, see inset for nvj1D
cells). As in wild-type cells, in cells lacking NVJ1 a
clear accumulation of BODIPY-stained LDs is
Figure 1. Deletion of NVJ1 does not disrupt lipophagy in budding yeast. (A) Wild-type (RS453), and the isogenic nvj1D (nvj1::HIS3MX6)
and nvj1D atg15D (nvj1::HIS3MX6 atg15::TRP1) strains expressing a chromosomally integrated VPH1-mCherry fusion were grown in syn-
thetic medium as previously described.12 Cultures were inoculated at OD600 of 0.1 and imaged after 1 or 4 d of continuous growth at
30C. LDs were labeled with BODIPY 493/503 as previously described.12 Cells were imaged using a Zeiss LSM880 confocal microscope
and the ZEN2 software. Cells were visualized from the periphery by taking 10 optical sections, each 0.8 mm thick. A single mid-section
is shown in all panels. At day 1, LDs concentrate at one side of the vacuole that is in contact with the nucleus. 12 At day 4, LDs associate
with vacuolar membrane domains that are devoid of Vph1-mCherry (see magnified inset for nvj1D cells). At this stage, and similar to
the wild-type, many nvj1D and nvj1D atg15D cells display strong vacuolar BODIPY signal indicating the presence of internalized LDs.
Bar, 5 mm. (B) Quantification of LD distribution shown in wild-type and nvj1D cells shown in A from 3 independent experiments. The
schematic on the right depicts the LD distribution patterns quantified. Red, vacuole; green, LDs.
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observed in the vacuole (Fig. 1, day 4). Similar results
were also obtained in cells deleted for ATG15 that, by
preventing the degradation of LDs in the vacuole,
facilitate the detection of lipid (Fig. 1, day 4).
Previous work has shown that loss of Nvj1 disrupts
the nucleus-vacuole contact.13 The presence of stat-phase
lipophagy in nvj1D cells, however, does not exclude a
role for other ER-vacuole contact sites in the passage of
LDs to the vacuole. Recent studies have identified addi-
tional protein components of ER-vacuole contact sites,
which are not restricted to the perinuclear ER;20-22 more-
over ER-vacuole contacts are still present in cells lacking
NVJ1.20,22 Given that in yeast LDs remain closely associ-
ated with the ER throughout their life cycle,23-25 parallel
pathways for their translocation from the ER to the vacu-
ole during starvation are likely to exist. This may explain
the increase in lipophagy observed in nvj1D cells
(Fig. 1B), which could result from a compensatory mech-
anism of the other ER-vacuole contact sites due to the
loss of NVJ.
The spatial organization of FA storage may have also
important implications for the regulation of organelle
structure. Recruitment of Pah1 in close proximity to LDs
ensures that its product, diacylglycerol, is acylated with
FAs so that the resulting triacylglycerol is efficiently
stored in LDs. Such metabolic channeling is important
because diacylglycerol can be also used for phospholipid
synthesis. Consistent with this model, in the absence of
LDs or triacylglycerol-synthesizing enzymes, Pah1 is still
recruited to the nuclear membrane but diacylglycerol is
redirected toward phospholipids, resulting in nuclear
shape deformation and ER membrane expansion.12 We
speculate that the presence of LDs within the various ER
membrane domains and their association with other
organelles may be crucial not only for energy storage
and mobilization but also for controlling lipid flux to
membranes and consequently, organelle dynamics.
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